ABSTRACT: Single photon sources are required for a wide range of applications in quantum information science, quantum cryptography, and quantum communications. However, the majority of room temperature emitters to date are only excited optically, which limits their proper integration into scalable devices. In this work, we overcome this limitation and present room temperature electrically driven light emission from localized defects in zinc oxide (ZnO) nanoparticles and thin films. The devices emit in the red spectral range and show excellent rectifying behavior. The emission is stable over an extensive period of time, providing an important prerequisite for practical devices. Our results open possibilities for building new ZnO-based quantum integrated devices that incorporate solid-state single photon sources for quantum information technologies. KEYWORDS: ZnO defects, single emitters, electroluminescence, LED S ingle-photon sources (SPSs) that generate nonclassical states of light have been extensively explored over the past decade due to a variety of applications, including quantum cryptography, quantum computation, spectroscopy, and metrology.
S
ingle-photon sources (SPSs) that generate nonclassical states of light have been extensively explored over the past decade due to a variety of applications, including quantum cryptography, quantum computation, spectroscopy, and metrology. 1−3 Although sources based on quantum dots (QDs) are robust and have ideal optical properties, such as narrow emission line-width and short excited state lifetimes, their operation is mostly limited to cryogenic temperatures. 4−6 Alternatively, color centers in wide band gap materials are excellent candidates for room temperature SPSs. These color centers are defects within the band gap of the host matrix and form localized confined states that can emit single photons on demand. Diamond, for example, has been studied extensively, due to its ability to host a plethora of emitters that are photostable and exhibit single photon emission at room temperature. 7 The need to integrate SPSs with scalable photonic devices, such as resonators or optical cavities, enhances the urgency of generating electrically driven SPSs. 8−12 It has been shown previously that electrically driven light emission can be realized with heterojunction nanostructures, where carrier injection occurs across the p−n junction or in the i region of a p-i-n junction. 13−15 However, engineering efficient junctions from materials like diamond is challenging and requires sophisticated growth conditions and cumbersome implantation of the single emitting defects. 16 A more promising approach for fabrication of quantum light emitting diodes (LEDs) is exploiting other semiconductors that are more suitable for current optoelectronic applications. One of these materials is zinc oxide (ZnO), which has recently been shown to host single defects that are harnessed as SPSs. 17−19 In addition, ZnO has attracted significant attention for its extensive photonic applications in the ultraviolet and visible spectral range due to its relatively large bandgap (3.37 eV) and high exciton binding energy (60 meV). 20 The mature technology of ZnO heterojunctions with silicon or gallium nitride has enabled fabrication of advanced optoelectronic devices, including transistors and LEDs. 21−24 Therefore, the transformation of these technologies into the quantum regime, where single emitters can be electrically addressed in ZnO heterojunctions is a promising avenue for scalable quantum photonic applications.
In this work, we report efficient electrically driven light emission from localized defects in n-ZnO/p-Si heterojunctions. We investigate two different sources of n-ZnO. The first source is based on sputtered ZnO films, and the second involves deposition of ZnO nanoparticles. n-ZnO/p-Si heterojunction devices have been chosen due to their cost-effective and mature fabrication techniques.
A schematic diagram of the devices is shown in Figure 1a . First, ∼2 mm diameter circular electrodes were patterned by a standard lithographic process. Then, a 300 nm SiO 2 layer was deposited on a p-Si substrate (Boron-doped, 0.001−0.005 ohm cm) via e-beam evaporation followed by 150 nm Al sputtered as the electrodes on the SiO 2 layer to achieve a Schottky barrier. The thin layer of SiO 2 is used as a spacer between the two electrodes. The photoresist was lifted off by ultrasonication in acetone solution for 5 min to fabricate the proper structure of Si/SiO 2 /Al.
To fabricate the heterojunction with the nanoparticles, we first annealed ZnO nanoparticles (20 nm, Nanostructured and Amorphous Materials Inc., USA) at 500°C for 30 min, dispersed them in methanol solution, and then drop cast them on to the prepatterned Si/SiO 2 /Al substrate to stick on the wall of the mesa to obtain the p-Si/n-ZnO heterojunction. To engineer the devices with sputtered ZnO, we grew 50 nm ZnO thin films on the wall of the mesas using a 0.25 A DC current controlled deposition from a 2" ZnO (99.99%) sputter target with an argon pressure of 2 mTorr. Prior to the deposition, the sputter chamber was evacuated to a base pressure of ∼5× 10
Torr. The film thickness was monitored using a quartz crystal monitor in the chamber. To obtain reliable Ohmic contacts and to create the color centers within the sputtered ZnO, we annealed the sample at 500°C for 30 min in an air environment. On the basis of the positioning of the junction on the side of the mesa structure, the common problem of absorption within each of the electrodes is avoided entirely. The light is generated in the ZnO on the side walls of the mesas and is directly observable from above without having to be transmitted through either electrode.
To understand the mechanism of light generation from the devices that were formed, we considered the energy band alignment diagram n-ZnO/p-Si heterojunction in Figure 1b based on individual band structures. The dominant mechanism of electroluminescence (EL) is the recombination of holes injected from the Si with electrons in the ZnO that were supplied by the contact with Al. With the increased forward bias, the energy barriers for electrons and holes are both lowered, thus favoring the injection of electrons and holes. The electron affinities of Si (χ Si ) and ZnO (χ ZnO ) are 4.05 and 4.35 eV, respectively, and the bandgap energies are 1.12 and 3.37 eV for Si and ZnO, respectively. Therefore, the conduction band offset for electrons is ΔE C = χ ZnO − χ Si = 0.3 eV, whereas that for holes is ΔE V = 2.55 eV. 25 Although holes injected from p-Si are limited due to the large barrier, the very high concentration of holes in p-Si causes a certain number of holes to be injected into ZnO under the appropriately high forward bias. The electrons from the conduction band of the ZnO may first occupy these empty defect-produced traps and, subsequently, directly recombine with deep level defects in the band gap to produce the visible emissions. The details of the mechanism are discussed below with EL and photoluminescence (PL) spectra from the devices.
To study the diode characteristics, we carried out current− voltage (I−V) measurements for the two different devices, which are shown in Figure 1c and d. Tungsten probes with 1 μm tips attached to micropositioners were used to connect to the sample electrodes. The inset of Figure 1d shows linear behavior of I−V characteristics between two Si−Si and Al−Al plots, indicating that a good Ohmic contact was achieved. The red curves represent the measurement without the ZnO materials to confirm that there is no metal leakage of Al on Si through the insulating layer of SiO 2 . The black curves in Figure 1c and d are the I−V measurements after the deposition of ZnO nanoparticles (film) on the samples. Both junctions exhibit excellent, well-defined rectifying behavior. The ZnO nanoparticle device shows a threshold voltage at ∼18 V and a forward current of more than 20 μA at 40 V, whereas the ZnO thin film device exhibits higher current (∼200 μA) at 20 V with a lower threshold voltage of ∼7 V. The different onset voltages between the two devices and the noise of the curves in Figure  1c may arise from the presence of surface states, from the presence of an oxide layer at the interface because the SiO 2 layer acts as a barrier in series, 26 or from unavoidable voids in the nanoparticle sample.
To investigate the luminescent properties of the formed devices, we collected EL and PL measurements using a confocal microscope with 500 nm lateral resolution. The signal was collected through an objective with a numerical aperture of 0.7 and directed into a spectrometer (Princeton Instruments, 300 lines/nm grating). For the PL excitation, a continuous wave laser of 532 nm was employed. A dichroic mirror was used to filter the excitation laser. All signals were recorded using an avalanche photodiode (Excelitas, SPCM-AQRH-14) and analyzed using single photon counting (PicoHarp 300). The measurements were carried out at room temperature under ambient conditions. Upon applying the voltage between the Al contacts and the Si wafer, we generated the emission at the edge of the circular mesas. Throughout the measurements, the contact probes were positioned close to the scanning area to achieve higher EL generation and therefore a better signal-tonoise ratio.
Panels a and b in Figure 2 show room temperature EL confocal maps recorded from the ZnO nanoparticles and the sputtered ZnO heterojunctions, respectively. The bright spots in the confocal image correspond to localized electrically excited luminescence defects. For the ZnO nanoparticle-based device, the EL signal becomes detectable when a forward direct current bias of 35 V is applied across the device. No EL is detected under reverse biasing. However, further increasing the applied voltage over 40 V resulted in electrical breakdown of the devices. Panels c and d in Figure 2 show the corresponding EL spectra (blue curves) from the nanoparticles and the sputtered films, respectively. Both devices exhibit broad peaks in the red spectral range (660 and 620 nm), which is typical of the sub bandgap defect emission. 18 Complementary PL spectra from same spots were collected using 532 nm excitation, with no bias applied to the sample, to access the deep level defects in the ZnO. The spectra are shown in Figure 2c and d as red curves. Slight spectral shift between the EL and the PL signals can be observed, likely due to different excitation pathways. However, their full width halfmaximum spectra are similar, indicating that similar defects are addressed. This attribute is unique to ZnO and is highly advantageous because often EL and PL result in excitation of completely different emission spectra, such as in the case of diamonds, 16 where optical excitation results in emission of negatively charged nitrogen vacancy but electrical excitation triggers the neutrally charged nitrogen vacancy center. Whereas PL depends only on the material's optical properties, EL, which is excited by current injection, is determined by the entire device structure, including the optical and electrical properties of its light emitting layers, electrodes, and contacts. The difference between the PL and EL spectra is due merely to the difference in the luminescence excitation mechanisms and not different defects. The EL and PL signals can be potentially ascribed to oxygen interstitial centers or single ionized zinc vacancy defects. 27, 28 All of the studied defects emitted at the same spectral range and had a similar line width, and they can be generated by controlled atmosphere heat treatment, as shown in our results.
To verify that the ZnO thin film exhibits single photon emission, we used the Hanbury Brown and Twiss (HBT) interferometer on the same position of the confocal map in Figure 2b under 532 nm laser excitation. Inset of Figure 2d shows the second order correlation function g 2 (τ) from the ZnO defect center. An antibunching dip at zero delay time (g 2 (τ) = 0.2) indicates that the emission originates from a single photon emitter. Because the emitter was measured at high excitation power (∼2 mW), bunching behavior was also observed, indicative of a three-level system with a shelving, metastable state. The red line is the theoretical fit using a three level system equation, g 2 (τ) = 1 − (1 + a) exp(−λ 1 τ 1 ) + a exp(−λ 2 τ 2 ), where τ 1 and τ 2 are decay rates for the radiative and metastable states, respectively. The fit indicate that the rates are τ 1 ∼ 5 ns and τ 2 ∼ 34 ns.
To test the photostability of the studied defects, we measured the luminescence intensity traces as a function of applied current. Panels a and b in Figure 3 show the stability measurements of the EL generated from the ZnO nanoparticles and the ZnO film devices, respectively. These figures show that the emission was persistently stable for more than 30 min, indicating that the ZnO/Si devices could be a potential light source for future solid-state quantum photonic applications operating at room temperature.
The fabricated device from the sputtered films and the nanoparticles exhibit slightly different device performances, mainly due to their basic structural dissimilarities (see SEM images in the Supporting Information). The nanoparticles have a much higher crystal quality, lower concentration of bulk point defects and impurities due to their short diffusion length during growth, and strong surface effect due to their significantly larger surface-to-volume ratio compared to the films. Typically, oxygen vacancies or zinc interstitials dominate the emission spectra of the films. A reduction in the number of defects due to stoichiometric mismatch can be achieved via annealing in an oxygen atmosphere, which concurrently increases the crystallinity of the films, as was done in our work.
Finally, we comment on the potential integration of these electrically driven sources with proper photonic structures. For instance, to achieve electrically driven ZnO microdisks, one can employ bottom up growth of ZnO on silicon through a welldefined lithographic mask. Similar works have been realized recently with gallium nitride microdisk lasers that were grown on silicon. 29 Separately, it was shown that ZnO microdisks can be effectively grown bottom up on a substrate of choice. 30 We therefore believe it is viable to grow high quality n-type photonic resonators from ZnO on a p-type silicon substrate to achieve electrically driven devices.
In summary, we report on electrically driven emissions from localized ZnO defects integrated within a ZnO/Si heterojunction. The devices were fabricated from either ZnO nanoparticles or sputtered ZnO. Room temperature I−V characteristics of the diodes confirmed excellent rectifying behavior with the threshold voltages at ∼18 and ∼7 V for ZnO nanoparticles and thin film devices, respectively. Defect-related electroluminescence in the red spectral range has been achieved under forward bias, and it was shown that both devices were stable over 30 min, which is crucial for the development of future ZnO-based quantum devices. Although the origin of the defects is unknown, they can be reliably and reproducibly engineered in both sputtered films and nanoparticles. Further studies are required to understand the origin of the emission. In combination with the recent progress into ZnO cavities and resonators, 30−32 our results will be important for the realization of cost efficient fabrication of electrically driven, quantum nanophotonic devices employing ZnO as the fundamental building block. 
